Abstract-A novel control approach using multiple-adaptive fuzzy systems with switching for solving integrated lateral and longitudinal control of highway vehicle systems for improved transient response, is presented in this paper. The most suitable adaptive controller of the multiple-adaptive fuzzy system is switched depending on the suitable operating conditions. The development of a single-adaptive fuzzy controller is also presented for comparison studies. These fuzzy setups are used separately for robust compensation for un-modeled dynamics, nonlinearity issues, external disturbances and model uncertainties ensuring globally asymptotically stable systems. A Lyapunov-based Kalman-Yakubovich-Popov (KYP) lemma is used to ensure closed loop robust stability of the control systems. A simulation study using an industry-standard veDYNA® vehicle model, is carried out to validate the developed controllers using a number of scenarios including external disturbances and subsystem failure cases.
I. INTRODUCTION
OMPLEX nonlinear systems such as highway vehicles with strong transient effects and with abrupt changes in parameters can be appropriately controlled with specialized multiple-controllers. Each controller is made to be more active in a prescribed region of the state-space for addressing the concerns of nonlinearities, external disturbances and structural constraints [1] . These multiple-controller setups are important for avoiding transient effects and improving tracking control especially for complex systems like highway vehicles [2] . There have been a number of advanced control concepts that address similar requirements of complex nonlinear systems that have been presented in the past [1] , [3] - [6] .
Adaptive fuzzy control is one of the major areas of study for successful application in complex nonlinear control [7] , [8] . An adaptive fuzzy controller provides an improved solution to address complicated control problems successfully, since it even has the facility to be configured to include human expertise in terms of its knowledge base [9] . Moreover, it has the capability for approximating any nonlinear smooth function to given accuracy when suitably defined in a convex compact region [10] . Fuzzy control even has the facility to be configured to include different levels of information in terms of its rule base as knowledge [11] . Importantly, fuzzy control is guaranteed to operate properly under less restrictive assumptions [12] .
In this study, multiple-adaptive fuzzy controller with switching is used to solve the integrated lateral and longitudinal control problem of highway vehicles. The developed controller is used to address different and complex scenarios in multiple environments, and the best candidate of the individual adaptive fuzzy controller is switched establishing an overall asymptotically stabilized system. The switching of adaptive fuzzy controllers is similar to Multiple Model Switching and Tuning (MMST) method of Narendra et al. [13] . But unlike in MMST method, the method presented in this paper does not require individual models to assess for the best candidate controller with the switching criterion. Moreover, in order to address more complex situations with higher reliability, the individual controllers are designed as adaptive fuzzy controllers whereas in the MMST method the individual controllers were linear first or second order controllers [13] or simple nonlinear controllers [14] .
The fuzzy systems used in this study are based on the Takagi-Sugeno (T-S) fuzzy system [3] , [7] .
This study uses a variable structure control method to eliminate the fuzzy approximation error and other generic disturbances, and thereby to add robustness to the control system setup [15] .
The rest of the paper is organized into the following sections. Section II explains the basics used for the development of the single and multiple adaptive fuzzy controllers with the elaboration of error dynamics. The detailed design of the vehicle controller is provided in Section III. Section IV describes on the simulation studies and discusses on their results. Finally, concluding remarks and future directions resulting from this study are provided in Section VI.
II. SYSTEM PRELIMINARIES

A. Vehicle Model and Error Definitions
The dynamic equations of a simplified vehicle model as appeared in [16] can be written in x, y and yaw directions as ( ) 
B. Control Law for Single and Multiple Adaptive Fuzzy Schemes
The certainty equivalence control laws of the vehicle system can be obtained. For longitudinal control it is 1ˆ( ) 
C. Error Dynamics with Single and Multiple Adaptive Fuzzy Schemes
The longitudinal generic error dynamics can be provided as case. In generic terms, stands for the regression vector of the adaptive fuzzy system while stands for the adaptive fuzzy parameter set. n is the total number of adaptive fuzzy controllers in the bank. Fig. 1 (a) and 1(b) depict the setups for multiple-adaptive fuzzy and single-adaptive fuzzy controller system with details. Refer equations (5) and (6) together with the details given in Fig. 1 . As shown in Fig. 1(b) , in the multiple-adaptive fuzzy system, each single-adaptive fuzzy control module is designed similar to the single-adaptive fuzzy controller as shown in Fig.  1(a) . 
III. FUZZY CONTROLLER SYNTHESIS
A. Structure of the Adaptive Fuzzy Schemes
The set of T-S fuzzy IF-THEN rules for the adaptive fuzzy system can be expressed as The T-S fuzzy logic output with product inference, singleton fuzzifier and center-average defuzzifier [3] can be expressed as ( ) μ is the membership function value inferred from the set j A . We assume that ν , the mapping produced by the fuzzy system is Lipschitz continuous [7] . The jth element of the parameter vector can be given as
where error state vector,
[ ]
T e e = e [16] is the jth element
Thereby The adaptive fuzzy output membership function parameters are tuned online using an algorithm based on an adaptive law with Lyapunov stability analysis. In concise form, the adaptive fuzzy output for the single-adaptive fuzzy system, ν ∈ R can be stated as ˆT ν = .
(13) Similarly, in the multiple-adaptive fuzzy system with switching, the adaptive fuzzy output, ν ∈ R can be stated as
where { } T e e = e the error state vector and the equations (7), (8) can be expressed in the form [17] ( ) 
( )
This implies that ( ) G s ϑ − is positive real for 0 ϑ > , and consequently ( ) G s is strictly positive real [7] . This proof of positive realness of the transfer function is almost similar to the procedure provided in [17] and uses a similar expression.
According to Kalman-Yakubovich-Popov (KYP) lemma [18] , for a strictly positive real system, there exist two positive definite matrices P and Q (i.e. 
where 0
Here, e is the overall system error and, k is the parametric error vector for the kth adaptive fuzzy controller. Differentiating with respect to time in the trajectories of the system will provide ( ) 
IV. SIMULATIONS
The following simulations were done on veDYNA® vehicle simulation software with a BMW 325i 1988 model. The simulation setup consists of front wheel steered, front wheel driven, automatic transmission settings. veDYNA® runs with an ordinary differential solver 'ode1' based on trapezoidal method with a sample time 0.001 [s] . But the developed controller and the inverse model were run with a solver 'ode4' viz. a 4-th order Runge-Kutta method, and with a sample time 0.0005 [s] .
While the simulation studies were aimed for solving the integrated lateral and longitudinal control problem of highway vehicles, the viability of the controller was also tested under simulated extreme parametric changes: addition of an unsymmetrical external load, changing of friction coefficient of tire-road interface, presence of disturbances like crosswind forces. Additionally, the performance of the developed controller was tested against some occurrences of faulty conditions at selected sub-systems at non-catastrophic levels. The considered faulty conditions included a flat-tire case (front-left tire becoming flat at 10[s] after starting the simulation), and a defective front-left wheel brake cylinder (with a 90% pressure drop in the supply line throughout the time).
In this simulation, the multiple-adaptive fuzzy controller with switching was included with two adaptive fuzzy controllers for lateral case and four adaptive fuzzy controllers for longitudinal case in each bank of controllers. Therefore, the adaptive gains were taken as Fig. 2 illustrates the road profile and Fig. 3 provides the lead vehicle velocity (solid line) for the simulation process. 
A. Simulation Profiles
D. Failure Modes
Some non-catastrophic failure cases were considered in the following simulations.
(i) Flat-Tire Case
In the following instance, the front-left tire becoming flat was considered. The results show the tracking performances of the controller while guiding the vehicle throughout safely. Overall, in the results, the multiple-adaptive fuzzy controller has shown competitive improvements with regard to lateral tracking in comparison to the performance of the singleadaptive fuzzy control. The result with brake cylinder case is more significant in this regard. Considering longitudinal tracking, the multiple-adaptive fuzzy controller shows a comparatively better performance as well.
V. CONCLUSION
This paper reported a novel design of a multiple-adaptive fuzzy controller with switching for integrated lateral and longitudinal control of highway vehicles.
The simulation results suggest that the designed controller handles transient errors effectively. It has also shown that the controller can effectively perform even under rigorous conditions with parametric changes and disturbances.
As a future study, attempts will be taken to develop a new robust control environment having a multiple-model structure which will allow more dedicated adaptation of parameters for varying control demands.
